We present the first measurement of the mass of the top quark in a sample of tt → ℓνbbqq events (where ℓ = e, µ) selected by identifying jets containing a muon candidate from the semileptonic decay of heavy-flavor hadrons (soft muon b-tagging). The pp collision data used corresponds to an integrated luminosity of 2 fb −1 and was collected by the CDF II detector at the Fermilab Tevatron. The measurement is based on a novel technique exploiting the invariant mass of a subset of the decay particles, specifically the lepton from the W boson of the t → W b decay, and the muon from a semileptonic b decay. We fit template histograms, derived from simulation of tt events and a modeling of the background, to the mass distribution observed in the data and measure a top quark mass of 180.5 ± 12.0(stat.) ± 3.6(syst.) GeV/c 2 , consistent with the current world average. [2] . Indeed, the strong dependence of the SM radiative corrections on m t made it possible to predict the value of m t [3] prior to its experimental determination [4, 5] . Thus, a precision value of m t is crucial for constraining SM parameters, for high-sensitivity searches for effects of new physics and for stringent consistency tests of models beyond the SM (e.g. supersymmetry). Furthermore, independent measurements of m t in all final states of tt decay provide an important consistency check of the top quark sector of the SM, and might reveal new physics with top-like signatures.
Significant progress has been made recently in reducing the uncertainty in measurements of m t and in devising alternative and independent techniques. The current best single measurement is determined by reconstructing the full decay chain and computing the invariant mass of the decay products in tt → ℓνbbqq events, and yields m t = 172.1 ± 1.6 GeV/c 2 [6, 7] . However, this and all the most precise of the current techniques are limited by the common systematic uncertainty in the calorimeter jet energy calibration (jet energy scale, JES). To provide independent measurements, several techniques with minimal dependence on the JES have been proposed. For example, the flight distance of the b-hadron from the top decay can be used to infer the mass of the top quark [8] , but this method also requires precision track reconstruction to determine the decay length. A proposal has been made [9] for exploiting the correlation between m t and the invariant mass of the system composed of a J/ψ (from the decay of a b hadron) and the lepton from the W decay. The advantage is a stronger correlation of this system-mass with m t than that of individual decay products of the top quark, and thus a better sensitivity to the top quark mass, but the overall branching ratio for this final state is only O(10 −5 ).
We present the first measurement of the mass of the top quark in a sample of tt → ℓνbbqq events (where ℓ = e, µ) selected by identifying b-jets with a candidate muon from semileptonic decay of heavy-flavor hadrons. We have developed a novel technique that exploits the invariant mass of the lepton from the W boson of the t → W b decay, and the muon from a semileptonic b decay. The selection method is complementary to that taking advantage of the long lifetime of b-hadrons through the presence of a decay vertex displaced from the primary interaction. Since only ∼ 50% of the sample of tt candidates with a semileptonic b decay overlaps the top samples selected by the identification of a displaced vertex, and a still smaller fraction is in common with traditional samples that require all four jets for the mass reconstruction, our technique provides an essentially independent measurement of m t from these data. Moreover, our observable is largely independent of the JES, because the calorimeter information is used solely for the selection of event candidates, and therefore the result can add a significant amount of information when averaged with those from other measurements. Including sequential decays of charm, the branching fraction for b → µνX ≃ 20% [2] is sizable and since this technique does not require precision secondary vertex reconstruction to suppress backgrounds, it could be an attractive option for the early phase of experiments at the Large Hadron Collider (LHC). Finally, the observable has a higher correlation to the top quark mass than the momentum of the lepton from the W decay alone. A partial reduction in sensitivity will arise from b-W mis-pairing, when the lepton from the W decay and the muon from the b semileptonic decay do not originate from the same top quark.
Top quarks are produced at the Tevatron protonantiproton collider predominantly in pairs of t andt, and are identified by the SM decay t → W b, providing a final state that includes two W bosons and two bottom quarks. W 's are identified through their decay to leptons or quarks. Quarks hadronize and are observed as jets of charged and neutral particles. The CDF II detector is described in detail elsewhere [10] . The components relevant to this analysis include the central outer tracker (COT), the central electromagnetic and hadronic calorimeters, the central muon detectors and the luminosity counters. The data sample, produced in pp collisions at √ s = 1.96 TeV during Run II of the Fermilab Tevatron, was collected between March 2002 and May 2007 and corresponds to an integrated luminosity of 2.0 ± 0.1 fb −1 . We select events where one of the W bosons decays to an isolated electron (muon) carrying large transverse energy (E T ) (momentum (p T )) [11] with respect to the beam line, plus a neutrino. We refer to these high-p T electrons or muons as primary leptons (PL). The neutrino escapes the detector causing an imbalance of total transverse energy vector, referred to as missing E T ( / E T ). The other W boson in the event decays hadronically to a pair of quarks. We take advantage of the semileptonic decay of B hadrons by searching for muons within final-state jets (soft-lepton tagging, or SLT), in order to identify those jets that result from hadronization of the bottom quarks.
The event selection starts with an inclusive lepton trigger requiring an electron (muon) with E T > 18 GeV (p T > 18 GeV/c). Further selection requires that candidate electron (muon) PLs are isolated and have E T > 20 GeV (p T > 20 GeV/c) and |η| < 1.1. We define an isolation parameter, I, as the calorimeter transverse energy in a cone of opening ∆R ≡ (∆η) 2 + (∆φ) 2 = 0.4 around the lepton (not including the lepton energy itself) divided by the electron E T or muon p T . We select isolated electrons (muons) by requiring I < 0.1. The event must have / E T > 30 GeV, consistent with the presence of a neutrino from the W boson decay. Jets are identified using a fixed-cone algorithm with a cone opening of ∆R = 0.4 and are constrained to originate from the pp collision vertex. Muons inside jets are identified by matching the tracks of the jet, as measured in the COT, with track segments in the muon detectors. Such a muon with p T > 3 GeV/c and within ∆R < 0.6 of a jet axis is called an SLTµ [12] . The probability of misidentifying a hadron as an SLTµ, denoted as the SLTµ mistag probability, is measured using a data sample of pions, kaons and protons from D * and Λ 0 decays. A Monte Carlo (MC) simulation of W +light flavor events is used to model the π, K and p admixture in light-quark jets. The SLTµ mistag probability is parametrized as a function of the track p T and η, and is seen to describe within ±5% the number of false SLTµ tags in light flavor jets of QCD multijet and γ + jet events.
To reduce background from dimuon resonances and double-semileptonic B hadron decays, we remove events in which the PL muon and SLTµ are oppositely charged and have an invariant mass consistent with a Z, Υ or, irrespectively of the PL flavor, less than 5 GeV/c 2 . We further reject events as candidate radiative DrellYan and Z bosons if the tagged jet has an electromagnetic energy fraction above 0.8 and only one track with p T > 1.0 GeV/c within a cone of ∆R = 0.4 about the jet axis The jet energies are corrected to account for variations of the detector response in η and time, calorimeter gain drifts, non linearity of calorimeter energy response, multiple pp interactions in an event and for energy loss in un-instrumented regions [21] . Finally, the sample is partitioned according to the number of jets with E T > 20 GeV and |η| < 2.0 in the event, and at least one jet is required to contain an SLTµ (defining the SLT µ-tagged W +n jets sample). The subset of W plus at least 3 jets is the tt candidate sample, and to reduce background from QCD production of W with multiple jets, we additionally require the total transverse scalar energy in the event (H T [22] ) to be greater than 200 GeV.
Standard model processes that result in the same signature as the tt signal are backgrounds to this measurement. There are three dominant backgrounds: the largest one is mistags of W +light flavor events, and a smaller contribution is due to W boson in association with heavy flavor jets (W bb, W cc, W c). Events without W bosons that pass the event selection are typically QCD multijet events where one jet has been reconstructed as a high-p T lepton, mismeasured jet energies produce apparent / E T and an additional jet contains an SLTµ. A fraction of these events is from bb and cc, where the candidate PL may result from a semileptonic decay of one of the fragmenting heavy quark and the SLTµ from a semileptonic decay of the other. Other minor backgrounds that can mimic a W boson and an SLTµ signature include diboson (W W , ZZ, W Z), Drell-Yan→ τ τ , single top quark, and residual Drell-Yan→ µµ events not removed by the dimuon resonance removal. The composition of the data sample used in this analysis has been studied extensively in [12], where we have measured the production cross section for pp → ttX, and is summarized in Table I . The W +jets, QCD multijet and Drell-Yan background are determined using the data, while the remaining backgrounds are estimated from MC simulations. The W +1,2 jets samples contain little tt events and have a composition similar to the background of the tt candidate sample. The simulation of tt events is performed using pythia [13] and herwig [14] . The generators are used with the CTEQ5L [15] parton distribution functions (PDF). Modeling of b and c hadron decay is provided by evtgen [16] . Modeling of W +jets production is performed using alpgen [17] , coupled with pythia for the shower evolution and evtgen for the heavy flavor hadron decays. Diboson production (W W , ZZ, W Z) and Drell-Yan→ τ τ are determined using pythia. DrellYan→ µµ + jets events are modeled using alpgen while single top production is modeled with madevent [18] , both with pythia showering. The CDF II detector simulation models the response of the detector to particles produced in pp collisions. The detector geometry used in the simulation is the same as that used for reconstruction of the collision data. Details of the CDF II simulation, based on the geant3 package, can be found in [19] .
We compute the invariant mass (M ℓµ ) between the PL and the SLTµ in the tt candidates sample. In rare cases where there is more than one SLTµ tag in the same jet, or more than one SLTµ tagged jet in the same event, we use the SLTµ candidate that has the best match between the COT track and the track segment in the muon detectors. No attempt is made to choose the correct pairing from the decay chain of the two top-quarks. The electric charge of the SLTµ for instance is not an effective flavor selector due to abundant sequential b → c → µ decays. When the wrong pairing is chosen, there is still sensitivity to the top quark mass due to the boost of the SLTµ and the PL. The distribution of M ℓµ is given by the contribution of tt and background events. For the background, the M ℓµ distribution of QCD multijet events is derived from the data themselves in the kinematic-region of I > 0.15, / E T > 30 GeV, topologically close to the signal region, while for other background sources we use MC simulation. We check the background model in W +1,2 jet SLTµ-tagged data events, a sample with a similar composition as the background to tt candidates. We find the predicted and observed distributions of M ℓµ ( Figure  1 ) to be in agreement with a p-value of 55%, as given by the Kolmogorov-Smirnov test.
We construct a set of template histograms of the M ℓµ distribution using the background model and a simulation of tt events. The tt samples are generated with different top quark mass values in the range 150-195 GeV/c 2 , incrementing by steps of up to 0.5 GeV/c 2 , and the full M ℓµ spectra are determined by adding the signal and expected background histograms in the ratio shown in Table I. Figure 2 shows the mean value of the M ℓµ distributions versus the input top quark mass, indicating a linear relationship between the two quantities. Also shown is < M ℓµ >= 35.6 ± 1.1(stat.) GeV/c 2 , measured in the data. We perform a binned-likelihood fit to the M ℓµ histogram of the data, in 20 bins between 4-100 GeV/c 2 , with the binning and range chosen a priori appropriately to the size of the data sample. The likelihood is defined as:
where n each i-bin of the data and template histograms respectively, the total number of entries is n TP tot = n data tot , and n TP i (m t )/n TP tot ≡ P i (m t ) is the probability of the i-th bin, normalized such that i P i = 1. The background normalization is fixed and its value is varied in the evaluation of the systematic uncertainty. A parabolic function is fit to the values of lnL(m t ) derived from each mass template, and the measured top quark mass is determined from the minimum of the likelihood function, while the statistical uncertainty is given by the range corresponding to an increase in the −lnL of 0.5 units above the minimum. For each mass point within the full mass range, we generate 5000 pseudoexperiments with the same sample size as that of the data and verify that the fitting procedure is unbiased and that the statistical uncertainty returned by the fits represents the 68% confidence level. From 248 tt candidate events, we measure: Figure 3 shows the M ℓµ distribution of the data, the background, and the templates corresponding to the best fit and the statistical uncertainty. The sources of systematic uncertainty that affect the measured value of the top quark mass are summarized in Table II The uncertainty on the shape of the W +jets histogram is evaluated by varying the distribution, to within the statistical accuracy associated with the comparison in the W +1,2 jets sample between the data and the background model, and yields an uncertainty of ±1.4 GeV/c 2 . The normalization of the QCD multijet background contributes ±0.8 GeV/c 2 . The shape of the QCD multijet distribution accounts for ±0.6 GeV/c 2 , as determined by replacing the nominal sample with dijet enriched data selected by I < 0.1 and / E T < 15 GeV, and by varying the distribution according to its statistical uncertainty. The shift on the measured top quark mass due to the uncertainties on the remaining backgrounds is negligible. The total uncertainty from background modeling is ±1.9 GeV/c 2 . Monte Carlo modeling of the signal M ℓµ distributions includes effects of PDFs, initial-state radiation (ISR), final-state radiation (FSR), and JES. The uncertainty due to the MC modeling of tt production and decay, including b fragmentation, is determined by comparing the simulation using pythia with that using herwig and gives ∆m t = ±2.1 GeV/c 2 . The PDF uncertainty is evaluated by adding in quadrature the contribution of four effects: variations of the PDFs according to the 20 CTEQ eigenvectors [23] , the difference between the standard tt simulation using the CTEQ5L PDF and one derived using MRST98 [24] in the default configuration or with two alternative choices for α s , and the variation of the contribution of gluon fusion in tt production between 5 and 20%. The overall estimated uncertainty from PDF is ±1.0 GeV/c 2 . We vary both ISR and FSR simultaneously in the tt Monte Carlo simulation, within constraints set by studies of radiation in Drell-Yan events in the data, and assign a systematic uncertainty on m t of ±1.3 GeV/c 2 . The jet reconstruction is used in this analysis only for the selection of event candidates and therefore the uncertainty on the calibration of the jet energies enters the measurement solely through the event selection, via the jet counting and the / E T requirement. The uncertainty due to the JES is measured by shifting the energies of the jets in tt MC simulation by ±1σ of the JES [21] and results in ∆m t = ±0.3 GeV/c 2 . The uncertainty of ±1% on the difference between data and simulation of the PL energy and momentum scales gives an uncertainty of ±0.9 GeV/c 2 . The differences in the data versus simulation for the SLTµ p T spectrum depends on the b-quark fragmentation modeling and the momentum calibration. In addition to the different fragmentation models in herwig versus pythia, we consider comparisons of the data with MC simulation of the muon p T spectra in 25] and bb → µµX [26] which indicate an uncertainty on the muon p T of ∼ ±0.8%, corresponding to ∆m t = ±0.9 GeV/c 2 . The uncertainty on the p T dependence of the SLTµ tagging efficiency yields a shift on the top quark mass of ±0.2 GeV/c 2 . Finally, a source of systematic uncertainty is due to the modeling of pile-up events from multiple pp interactions and it is estimated to affect the measured mass by ≤ ±0.5 GeV/c 2 . In summary, we have performed the first measurement of the top quark mass in a sample of tt → ℓνbbqq events selected by identifying b-jets with a muon candidate from the semileptonic decay of heavy-flavor hadrons. The result, m t = 180.5 ± 12.0(stat.) ± 3.6(syst.) GeV/c 2 , is in agreement with the current world average value of 173.1±1.3 GeV/c 2 [6] , providing a consistency check of the top quark sector with soft muon b-tagged events. Our measurement technique exploits the correlation between the parent top quark mass and the invariant mass of the system composed of the lepton from the W decay and the muon from the semileptonic B decay. The uncertainty at present is dominated by the statistical component. The method has a minimal dependence on the jet energy calibration, making it suitable for averaging the result with those from other techniques, and its dominant systematic uncertainties are likely reducible, e.g. by improving the calibration of the leptons' p T to better than 1% with J/ψ, Υ and Z resonances, by using improved tuning for the MC modeling of tt production and decay, and with high statistics data samples for the background model.
